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Abstract
Landscape features shape patterns of gene flow among populations, ultimately determining where taxa lay along the
continuum between panmixia to complete reproductive isolation. Gene flow can be restricted, leading to population
differentiation in two non-exclusive ways: “physical isolation”, in which geographic distance in combination with the
landscape features restricts movement of individuals promoting genetic drift, and “ecological isolation”, in which adaptive
mechanisms constrain gene flow between different environments via divergent natural selection. In central Iberia, two fire
salamander subspecies occur in parapatry across elevation gradients along the Iberian Central System mountains, while in
the adjacent Montes de Toledo Region only one of them occurs. By integrating population and landscape genetic analyses,
we show a ubiquitous role of physical isolation between and within mountain ranges, with unsuitable landscapes increasing
differentiation between populations. However, across the Iberian Central System, we found strong support for a significant
contribution of ecological isolation, with low genetic differentiation in environmentally homogeneous areas, but high
differentiation across sharp transitions in precipitation seasonality. These patterns are consistent with a significant
contribution of ecological isolation in restricting gene flow among subspecies. Overall, our results suggest that ecological
divergence contributes to reduce genetic admixture, creating an opportunity for lineages to follow distinct evolutionary
trajectories.

Introduction

Understanding how landscapes shape biodiversity patterns
is a long-standing goal in ecology and evolution (Wright

1943; Nosil 2012; Balkenhol et al. 2016). Landscapes can
influence gene flow and, consequently, patterns of genetic
variation in two inherently distinct ways. First, through
“physical isolation”, in which neutral genetic divergence
increases with geographic distance (isolation by distance
[IBD]; Wright 1943), alone or in combination with land-
scape features (e.g., topography, climate or land cover) that
create general resistance to the movement of individuals
(isolation by resistance [IBR]; McRae 2006). Second,
through “ecological isolation”, in which adaptive
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mechanisms constrain gene flow between different envir-
onments via divergent natural selection (isolation by
environment [IBE]; Wang and Bradburd 2014). Impor-
tantly, although physical and ecological isolation are asso-
ciated with distinct evolutionary forces, they are not
mutually exclusive. Physical isolation facilitates the fixation
of locally adaptive alleles (Nosil 2012), and transitions
between ecologically divergent taxa tend to be coincident
with areas of low habitat suitability and population density
(Barton and Gale 1993). Understanding the evolutionary
processes that shape biodiversity requires disentangling their
relative contribution in generating and maintaining barriers
to gene flow (Wang et al. 2013; Balkenhol et al. 2016).

Ecological isolation can result from various factors,
including (i) selection against migrants, in which individuals
dispersing among contrasting environments show lower fit-
ness relative to residents, (ii) selection against hybrids, when
hybrids are less fit than parentals in their environments, (iii)
habitat preference, if individuals show preferential associa-
tions with natal habitats relative to alternative ones, and (iv)
temporal (allochronic) isolation, occurring when distinct
environments are associated with distinct activity and
breeding periods (Wang and Bradburd 2014; Hendry 2017).
Processes driving ecological isolation are expected to pre-
dominate in heterogeneous environments that facilitate

ecological contrasts (Hendry 2017). Studies inferring the
relative role of physical and ecological isolation in restricting
gene flow have been conducted across numerous taxa and
environments (e.g., Sexton et al. 2014; Wang and Bradburd
2014; Hendry 2017), but rarely among well-defined intras-
pecific phylogeographic groups (Velo‐Antón et al. 2013;
Gray et al. 2019). Also, the relative contribution of these
factors at different stages of divergence, from panmixia to
complete reproductive isolation, remains unclear.

The Iberian Peninsula is a topographically and climati-
cally heterogeneous region, offering multiple opportunities
for physical and ecological divergence. Its role as a center
of diversification is supported by high levels of endemism
and intraspecific variability across multiple taxa (Gomez
and Lunt 2007; Abellán and Svenning 2014). Patterns of
genetic variation in Iberia have been investigated in depth in
multiple taxa (from insects, e.g., Noguerales et al. 2017;
freshwater fishes, e.g., Méndez et al. 2019; to large carni-
vores, e.g., Silva et al. 2018), but especially in ectotherms
(e.g., Miraldo et al. 2011; Gutiérrez-Rodríguez et al.
2017a, b; Maia-Carvalho et al. 2018; Sánchez-Montes et al.
2019; Dufresnes et al. 2020; Martínez-Freiría et al. 2020),
revealing pronounced patterns of genetic structure that have
been attributed to processes of physical and/or ecological
divergence. The fire salamander, Salamandra salamandra

Fig. 1 Sampling localities represented by dots (size refers to
number of individuals genotyped for microsatellites, see Table 1
for details). When mtDNA is available, localities are marked with
colors from the adjacent mitochondrial tree, adapted from Pereira
et al. (2016) (white dots represent newly sampled localities for
which mtDNA data was not available). The mtDNA based dis-
tribution range of S. s. bejarae and S. s. almanzoris is displayed in
transparent blue and red respectively. Inset map shows ranges from

other S. salamandra subspecies present in Iberia (S.s bejarae – blue,
S. s. almanzoris – red, S. s. gallaica – pink, S. s. longirostris – dark
gray, S. s. morenica – green, S. s. crespoi – yellow, S. s. bernardezi
– dark red, S. s. fastuosa – orange, S. s. terrestris – brown). ICS
stands for Iberian Central System and MTR for Montes de Toledo
Region. Sampling localities used for population and landscape
genetic analyses identified with numbers (1–18, see details in
Methods).
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(Linnaeus 1758), is a remarkable example on both fronts.
Broadly distributed across Europe, it is in Iberia where it
shows its highest levels of genetic and phenotypic diversity
(Burgon et al. 2021), occurring across a wide range of
habitats and environmental conditions (Velo-Antón and
Buckley 2015; Fig. 1). Across Europe, several genetically
differentiated lineages of S. salamandra hybridize in con-
tact zones of varying widths, usually associated with strong
mito-nuclear discordances (e.g., García-París et al. 2003;
Pereira et al. 2016; Bisconti et al. 2018), and sometimes
coincident with sharp ecological transitions. In such cases,
parental populations have evolved differences in color
pattern (Beukema et al. 2016; Burgon et al. 2020), mor-
phology (Alarcón-Ríos et al. 2020), and reproductive modes
(García-París et al. 2003; Velo-Antón et al. 2007; Lourenço
et al. 2019) that are suggestive of local adaptation and are
taxonomically recognized as subspecies. The integration of
population and landscape analyses with the study of hybrid
zones in Salamandra can help to infer the relative role of
landscape features and ecological factors in reproductive
isolation.

Across the Iberian Central System (ICS), populations
from two distinct subspecies, S. s. bejarae and S. s.
almanzoris, occur in parapatry across multiple regions
associated to elevation gradients (Martínez-Solano et al.
2005; Pereira et al. 2016). The high-elevation subspecies S.
s. almanzoris shows a restricted distribution in three iso-
lated mountain tops, while the subspecies S. s. bejarae
inhabits the surrounding lower elevation habitats (Fig. 1).
From an ecological viewpoint, S. s. almanzoris is described
as a distinct S. salamandra “ecotype” (defined as an inde-
pendent evolutionary unit showing adaptations to specific
environments; e.g., Hendrix et al. 2017; Czypionka et al.
2018; Burgon et al. 2020), mainly because of its longer
larval period, small body size and reduced size of the yellow
spots (but see Bosch and López-Bueis 1994), in comparison
with the parapatric S. s. bejarae (Velo-Antón and Buckley
2015). Yet, because larval traits and adult body size are
known to be subject to some degree of plasticity within S.
salamandra subspecies (e.g., Alcobendas and Castanet
2000; Alcobendas et al. 2004; Alarcón-Ríos et al. 2020), it
remains unclear whether such ecological divergence is
genetically based or the result of developmental phenotypic
plasticity. A previous study on this system revealed that the
two subspecies are highly divergent at the mtDNA level
(Fig. 1), whereas nuclear DNA shows low or no differ-
entiation across parapatric boundaries and high divergence
across allopatric boundaries (Pereira et al. 2016). The highly
divergent mtDNA lineages are fixed within populations and
have been used to delineate the two subspecies, although
they co-occur in regions of secondary contact (Martínez-
Solano et al. 2005). The strong mito-nuclear discordances
may result from a scenario of vicariant evolution leading to

the differentiation of both subspecies followed by nuclear-
mediated gene flow across contact zones, potentially following
range expansions from western refugia along the ICS (Pereira
et al. 2016). South of the ICS, populations of S. s. bejarae in
the Montes de Toledo Region (MTR) have probably evolved
in isolation from S. s. almanzoris during the most recent
glacial cycles (Pereira et al. 2016). Whether physical and
ecological isolation is maintaining genetic differentiation
between subspecies and between populations of the same
subspecies remains an open question, which can be answered
by integrating population and landscape genetic analyses.

Here, we infer the relative contribution of physical and
ecological isolation in patterns of population differentiation
in two mountain systems (ICS and MTR) characterized by
distinct evolutionary and environmental contexts. The
relative role of landscape features and ecology is expected
to depend highly on the spatial extent of analyses (Hendry
2017; Fletcher and Fortin 2018). Specifically, a correlation
between genetic differentiation and geographic distance
(IBD) or landscape resistance (IBR) across the landscape is
consistent with a major role of “physical isolation”
restricting gene flow, whereas an additional correlation
between genetic differentiation and local environmental
conditions would be consistent with a role of “ecological
isolation” constraining gene flow (IBE). Considering this,
we conducted population and landscape genetic analyses
across three distinct spatial extents (Total, ICS and MTR)
and assessed the relative role of physical isolation (IBD/R)
and ecological isolation (IBE) in explaining patterns of
population connectivity and differentiation.

Material and methods

Specimen sampling

Sampling was designed to cover the known high-elevation
isolates of the subspecies S. s. almanzoris and their potential
contact zones with S. s. bejarae along the ICS (Fig. 1). We
also collected samples from the allopatric populations of S.
s. bejarae across the MTR (see Fig. 1). Samples already
available from Pereira et al. (2016) were combined with
new collections, resulting in a total of 385 georeferenced
tissue samples (mostly tail clips from larvae, but also some
toe clips from metamorphosed individuals) (Fig. 1; Table
S1). Importantly, to avoid potential biases arising from
uncertainties related with the distribution of each sub-
species, our analyses do not rely on a priori assumptions
regarding their classification. Instead, we identify evolu-
tionary lineages based on our nuclear data and assign them
to subspecies based on diagnostic mitochondrial data
(Martínez-Solano et al. 2005) only a posteriori, to aid
interpretation of results (detailed below).
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Laboratory procedures

For the new samples, DNA was extracted using NucleoSpin
Tissue-Kits (Macherey-Nagel). A total of 14 microsatellites
(Steinfartz et al. 2004; Hendrix et al. 2010), distributed in
four optimized multiplex reactions (see Table S2), were
amplified by polymerase chain reaction (PCR). Each PCR
was performed in a total volume of 10 µl: 5 µl of Multiplex
PCR Kit Master Mix (QIAGEN), 3 µl of distilled water, 1 µl
of primer multiplex mix and 1 µl of DNA extract (~50 ng/
µl). To identify possible contaminations, a negative control
was used in all reactions. PCR touchdown cycling condi-
tions were equal in all multiplexes: starting with an initial
step at 95 °C for 15 min, 19 cycles at 95 °C for 30 s, 90 s of
annealing at 65 °C (decreasing 0.5 °C each cycle), 72 °C for
40 s, followed by 25 cycles of 95 °C for 30 s, 56 °C for 60 s,
72 °C for 40 s, and ended with a final extension of 30 min at
60 °C. PCR products were sent to Secugen S. L. for geno-
typing and alleles were scored in GENEMAPPER 4.0
(Applied Biosystems). Genotyped samples or markers pre-
senting more than 40% of missing data were discarded.

Microsatellite genetic data pre-treatment

Individual samples were grouped into populations using 1 km
radius buffer intersections (distance below the maximum dis-
persal distance of ~2 km recorded in Salamandra salamandra;
Hendrix et al. 2017). Locations with a sample size ≥8 were
considered populations and used for subsequent population and
landscape genetic analyses. This threshold was defined to
maximize the number of populations and spatial coverage for
posterior landscape genetic analyses. A threshold of 10 was
used in preliminary analyses and revealed comparable patterns
of differentiation and diversity. Localities with less than 8
individuals were incorporated for analyses of genetic structure.
Deviations from Hardy–Weinberg equilibrium (HWE) and
linkage disequilibrium (LD) were examined in each population
(locations with ≥8 samples), that is 254 samples (distributed
across 18 populations), corresponding to ~66% of our complete
dataset. This was done by performing exact tests implemented
in GENEPOP 4.5.1 (Rousset 2008; dememorization= 10,000,
batch length= 10,000, batch number= 1000). We applied the
false discovery rate (Benjamini and Hochberg 1995) to correct
p values (p < 0.05) from HWE and LD multiple exact tests.
The presence of null alleles was investigated for each popu-
lation in INEST 2.0 (Chybicki and Burczyk 2009) with a total
of 200,000 iterations thinned every 50 iterations and a burn-in
of 10% for the individual inbreeding model.

Genetic diversity and structure

To characterize patterns of genetic diversity, we used
populations as previously defined (i.e., locations with a

sample size ≥8 and with 1 km radius buffer intersections,
see Fig. 1). We used GenAlEx 6.502 (Peakall and Smouse
2006) to estimate observed heterozygosity (HO), expected
heterozygosity (HE), and mean number of alleles (NA).
Additionally, unbiased allelic richness (AR) and private
allelic richness (P-AR) were calculated in HP-RARE 1.0
(Kalinowski 2005). Allelic richness was spatially inter-
polated to visualize the geographic distribution of genetic
diversity. Genetic differentiation was estimated using the
pairwise FST (Weir and Cockerham 1984) calculated in R
(R Development Core Team 2018) package diveRsity ver-
sion 1.9.89 (Keenan et al. 2013). Respective 95% con-
fidence intervals (CIs) were estimated using 1000
permutations, and pairwise estimates were considered sig-
nificant when 95% CIs did not overlap zero.

Genetic structure was assessed using the Bayesian algo-
rithm implemented in STRUCTURE 2.3.4 (Pritchard et al.
2000) in a hierarchical manner (i.e., a first assessment of the
total dataset, followed by independent assessments of the
major genetic groups recovered – corresponding to ICS and
MTR mountains, see Results). Ten independent runs were
performed for a number of clusters (K) ranging between 1 and
10. Runs consisted of a burn-in period of 1 × 10−5 iterations,
followed by 1 × 10−6 iterations, with a correlated allele fre-
quencies admixture model and no prior information regarding
population of origin. The K showing the highest ΔK statistic
value (Evanno et al. 2005) was identified using STRUCTURE
HARVESTER 0.6.94 (Earl and VonHoldt 2012) and deemed
as the best K describing the observed genetic data. For the
optimal K, runs were summarized in Pophelper 1.0.10
(Francis 2016) and graphically displayed in R. Additionally, a
discriminant analysis of principal components (DAPC; Jom-
bart et al. 2010) was used as an alternative, complementary
description of population structure, because this method does
not assume HWE nor linkage equilibrium within clusters.
DAPC summarizes the data to minimize genetic differentia-
tion within previously defined groups “(i.e., locations with a
sample size ≥8) while maximizing it between groups, poten-
tially unraveling population substructure linked to complex
isolation patterns (e.g., IBD, IBR and/or IBE; Jombart et al.
2010). For this analysis, we assumed six genetic clusters based
on the Bayesian Information Criterion and ΔK (see Results),
while the number of retained principal components and dis-
criminant functions were selected following the package’s
manual guidelines to avoid overfitting.

Landscape resistance data for physical isolation
analyses

Pairwise landscape resistances among populations, repre-
senting how gene flow is constrained across the landscape,
were obtained for: geographic distance alone (IBD), cli-
matic resistance (IBR-Climate), topographic resistance
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(IBR-Slope), land cover resistance (IBR-Landcover) and a
complex model incorporating all the previous information
(IBR-All). It should be noted that all IBR models con-
structed incorporate IBD in order to test if IBR models
incorporating environmental variables explain the
observed data better. The workflow used to obtain IBD/
IBR matrices can be summarized as follows. First, ecolo-
gical niche models (ENMs) were built independently for
each set of variables (Climate, Slope, Landcover and All)
and used to obtain landscape suitability layers. Those were
then converted to resistance layers and used as input in
CIRCUITSCAPE 4.0 (McRae 2006) to obtain pairwise
matrices of resistance among populations. Below we
address each of these steps in detail.

Ecological niche models (ENMs) were built using as
input occurrence records encompassing the distribution of
both subspecies obtained from our own field work, colla-
borators, and the Spanish Herpetological Atlas (Table S3).
To avoid statistical biases arising from spatial autocorrela-
tion (Fourcade et al. 2014), a maximum of one presence
record per 10 × 10 km grid cell and a minimum distance of
2 km (maximum dispersal distance per generation recorded
for the species) was allowed. The Nearest Neighbour index
function of ArcGIS (ESRIR) was used to assess the degree
of data clustering (occurrence data was not significantly
different than random, z-score=−0.81). As previously
mentioned, occurrence records of S. salamandra were used
in an undifferentiated way, allowing us to avoid assump-
tions related to the distribution or the ecological differ-
entiation of the different subspecies. Nevertheless, it should
be kept in mind that, if the described distributions of both
subspecies (Fig. 1) are correctly defined, most occurrence
records belong to S. s. bejarae (28 out of 38), which could
bias patterns of suitability. Spatial data representing the
different landscape characteristics (geographical distance,
climate, slope, and landcover; see Table S4) were obtained
from the following sources. First, we downloaded data from
nineteen climatic variables with a 30 arc-seconds resolution
(~1 × 1 km) from WorldClim Version 1.4 (1960–1990).
Studies disentangling the effect of geographic and ecolo-
gical isolation in a reptile have used the same cell resolution
with success (Wang et al. 2013). Also, studies in other
salamanders (Velo‐Antón et al. 2013) and S. salamandra
(Antunes et al. 2018) were able to extract meaningful
conclusions regarding the role of landcover, climate, and
topography in shaping patterns of genetic structure using
the same baseline information for spatial analyses. In order
to represent climatic conditions and avoid the possible
statistical effects of collinearity among predictor variables
on niche modeling, we retained five variables with pairwise
Pearson’s r ≤ 0.70: Isothermality (ISO), Temperature
Annual Range (TAR), Mean Temperature of Wettest
Quarter (MTWQ), Precipitation of Wettest Quarter (PWQ)

and Precipitation of Driest Quarter (PDQ). Slope was
derived from an elevation layer (~1 × 1 km; SRTM), using
the Slope function of ArcGis. Finally, categorical land cover
data with 100 m resolution was downloaded from https://la
nd.copernicus.eu/pan-european/corine-land-cover/clc-2012.
The distribution area for model construction, validation and
projections was created using a 200 km radius buffer around
occurrence records. Bootstrap subsampling was used to
build 30 model replicates, retaining 30% of the data records
to test each replicate. Ecological niche models built for
broadly similar Salamandra datasets (Antunes et al. 2018;
Dinis et al. 2018) used the same percentage of training data
and performed well, based on high area under the receiver
operating characteristic curve (AUC) scores. Default values
were used for all other settings. Model performance was
evaluated using the AUC in MAXENT, which ranges from
0.5 (complete randomness) to 1 (perfect discrimination)
(Phillips et al. 2006).

Habitat suitability layers depicting cell suitability (S)
obtained from the ENMs were converted into resistance
layers (i.e., resistance to movement) representing cell
resistance (R= (1–S)*100). These layers were subsequently
used as input for CIRCUITSCAPE 4.0 (McRae 2006)
analyses to obtain the pairwise landscape resistance matri-
ces among populations for each resistance model. CIR-
CUITSCAPE calculates averaged pairwise resistance to
dispersal among populations based on all possible paths
(unlike the least-cost path), thus better explaining the
movement of individuals among widely separated regions
(McRae et al. 2008). For CIRCUITSCAPE analyses, the
pairwise mode and a cell connection scheme of eight
neighbors were set, while remaining parameters were set as
default.

Environmental dissimilarity data for ecological
isolation analyses

The role of environmental dissimilarity in shaping patterns
of genetic connectivity among populations (IBE) was
assessed using climate-based dissimilarity measures
between population locations, summarizing and capturing
the environmental variation using a Principal Component
Analysis (PCA). This was done explicitly by calculating the
mean values of 19 bioclimatic variables (WorldClim Ver-
sion 1.4.) and elevation (www.diva-gis.org/gdata) within a
2 km radius buffer around each locality. Obtained values
were centered to zero and scaled to a standard deviation of
one and data complexity was reduced with PCA (see Fig.
S1). This was done independently for the Total, ICS and
MTR ranges. The first three Principal Components (PCs) of
each analysis (Total, ICS and MTR) were selected for
downstream analyses, as they represented most of the total
environmental variation (Fig. S1). Then, Euclidean
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distances between populations were obtained for each PC,
representing environmental dissimilarities associated with
distinct environmental characteristics. We also ran hier-
archical clustering analyses for visualization purposes. This
resulted in trees representing environmental dissimilarity
among populations, which help identify populations driving
connectivity patterns (i.e., pairs of populations with higher
or lower environmental dissimilarity than most pairwise
comparisons). Furthermore, to interpret the PCs, we noted
the relative weight of all climatic variable loadings in the
PCs explaining most of the observed variability (Fig. S2).
All analyses were implemented using R (R Core Team
2018) package raster (Hijmans and van Etten 2016).

Analyses of physical and ecological isolation –
landscape genetics

Models inferring the relative role of physical and ecological
isolation in genetic differentiation were obtained indepen-
dently for the three spatial extents considered (Total, ICS,
and MTR). Models used matrices of genetic differentiation
(pairwise FST) as the response variable and matrices of
physical isolation (i.e., landscape resistance [IBD, IBR-Cli-
mate, IBR-Slope, IBR-Landcover, and IBR-All]) and ecolo-
gical isolation (i.e., environmental dissimilarity [IBE-PC1,
-PC2 and -PC3]) for -Total, -ICS, and -MTR, as predictors.
Model building and selection was done using two indepen-
dent regression-based methods [multiple matrix regression
with randomization approach (MMRR, Wang 2013) and a
maximum likelihood population effects model (MLPE,
Clarke et al. 2002)] in two steps. First, because matrices of
physical isolation are highly correlated among themselves
(r > 0.90, see Fig. S3) we independently regressed them
against the matrices of pairwise genetic differentiation
(pairwise FST). Results from these univariate regressions
allowed us to find the best model of physical isolation for
each region (based on the highest r2 and lowest conditional
Akaike information criterion [AICc], for MMRR and MLPE,
respectively, see Table S5). Then, we proceeded to models
incorporating both physical and ecological isolation matrices.
Model selection for MMRR was done using a backward
elimination procedure, starting with a full model that inclu-
ded all predictor variables (the best physical isolation matrix
[higher r2 from univariate regressions, for the respective
range, Table S5], and all ecological isolation matrices) and
then iteratively removing the variable with the highest (and
not significant, p > 0.05) p value, while checking the overall
increase in model fit. MLPE model selection was done based
on the lowest AICc among all combinations of predictors
(i.e., the best physical isolation matrix [lowest AICc from
univariate regressions, for the respective range, Table S5],
and all ecological isolation matrices). Only the final models
selected for each region are displayed and discussed.

Results

Microsatellite genetic data pre-treatment

A total of 352 samples were successfully genotyped. One
out of the 14 loci was not successfully amplified. Analyses
assessing deviations from HWE and identification of null
alleles revealed two loci (SST-A6-I and SalE2) as poten-
tially containing null alleles in some populations. As this
was only true for MTR populations (localities 1–8 in Fig. 1),
we maintained these loci for downstream analyses. None-
theless, we replicated some key analyses for the Total and
MTR ranges removing potentially problematic loci (SM –

Dataset 11 loci, for replicated analyses and results). No
pairs of loci showed signs of linkage disequilibrium.

Patterns of genetic diversity and structure

Genetic diversity varied across the study area, with lower
values in the easternmost populations in both ICS and
MTR, where the species is at its range limit (Pop. 1 - NA=
3.31, HE= 0.40 and AR= 2.47; Pop. 18 - NA= 3.46, HE

= 0.45 and AR= 2.54; Table 1 and Fig. 2). In contrast, the
highest diversity values were found in western and central
populations (Pop. 8 - NA= 5.54, HE= 0.72 and AR=
4.45; Pop. 12 - NA= 6.62, HE= 0.70 and AR= 4.24;
Table 1 and Fig. 2). Both clustering analyses (i.e.,
STRUCTURE and DAPC) recovered concordant results,
separating ICS and MTR at the highest hierarchical level of
genetic structure (STRUCTURE K= 2, see Fig. 2 and S4;
DAPC with PC1 separating both groups, see Fig. 3). The
ICS and MTR groups were further substructured in four and
two groups, respectively (Figs. 2 and 3). Population pair-
wise genetic differentiation (FST) ranged from 0.001 to
0.511 across the Total range, from 0.003 to 0.411 across the
ICS range, and from 0.012 to 0.344 across the MTR range
(Table 2).

Patterns of physical and ecological isolation

Under the MMRR approach, univariate analyses inferring the
best model of physical isolation were all significant (p < 0.05)
across the three ranges (see Table S5 for details in every
model). For the Total and ICS ranges, the physical isolation
model with the best fit incorporates all variables (IBR-All,
r2= 0.681 and r2= 0.661, respectively). For the MTR range,
a simpler model incorporating only climate resistance pro-
vided the best fit (IBR-Climate, r2= 0.633). Model selection
under the MLPE approach (based in AICc), recovered
exactly the same top physical only models (Table S5).

Model selection using MMRR models, incorporating
both physical and ecological isolation as predictors, pro-
duced distinct results among the three ranges. At the scale
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of the Total range, a model incorporating both physical
(IBR-All) and ecological isolation (IBE-PC2 and IBE-PC3)
was the best model (r2= 0.747, Table 3). In this model, the
regression coefficient for physical isolation was about four
times greater (βIBR-All= 0.76; Table 3) than the regression
coefficient for each ecological isolation component (βIBE-
PC2-Total= 0.23, βIBE-PC3-Total= 0.21; Table 3). This
supports a stronger role of physical isolation (IBR) across
the Total range, but also reveals a significant role of eco-
logical isolation (IBE) in driving patterns of genetic dif-
ferentiation. At the scale of the MTR range, all ecological
isolation predictors were excluded by the backward elim-
ination procedure, and thus a model only considering phy-
sical isolation was selected as the best (IBR-Climate, r2=
0.633; Table 3). At the scale of the ICS range, the best
model included both physical (IBR-All) and ecological
isolation (IBE-PC2) as predictors (r2= 0.817, Table 3). In
this model, the regression coefficient for ecological isolation
(βIBE-PC2-ICS= 0.51) was similar to the regression
coefficient for physical isolation (βIBR-All= 0.46; Table
3), consistent with the similar importance of both physical
and ecological isolation predicting genetic differentiation in
this area. Models selected under the MLPE approach (based
in AICc) retrieved equal results for ICS and MTR. Across
the Total range, the best model was different from the
MMRR approach, with IBR-All+ IBE-PC1+ IBE-
PC2 showing the lowest AICc, and the IBR-All regression
coefficient (βIBR-All-Total= 0.70, Table 3) about three

Table 1 Sampling information
and genetic diversity statistics
calculated from microsatellite
markers for each population.

Population Elevation (m) N NA HO HE AR P-AR

MTR 1 - Quintos de Mora 928 19 3.31 0.38 0.40 2.47 0.06

2 - El Castañar 1068 18 3.85 0.46 0.52 2.99 0.00

3 - San Pablo de los Montes 891 20 5.69 0.60 0.69 4.05 0.14

4 - Valle de Santiago 716 12 3.92 0.51 0.60 3.28 0.25

5 - Río Frío 798 12 5.23 0.65 0.71 4.13 0.05

6 - Los Alares 704 9 4.62 0.70 0.72 4.21 0.03

7 - Los Navalucillos (Lóbrega) 879 14 5.15 0.62 0.67 3.98 0.11

8 - Piedraescrita 905 12 5.54 0.67 0.72 4.45 0.10

9 - Hospital del Obispo, Guadalupe 1030 8 4.85 0.79 0.72 4.30 0.39

ICS 10 - Laguna de los Caballeros 2182 10 4.46 0.53 0.60 3.63 0.22

11 - Laguna Grande de Gredos 1942 13 5.31 0.72 0.70 4.20 0.24

12 - Casavieja 697 35 6.62 0.70 0.70 4.24 0.23

13 - Navamorcuende 1159 8 3.77 0.58 0.55 3.38 0.06

14 - El Real de San Vicente (El Piélago) 1197 10 3.15 0.56 0.52 2.89 0.01

15 - Pelayos de la Presa 818 10 3.92 0.57 0.58 3.31 0.12

16 - Pajares 1065 10 3.15 0.59 0.55 2.85 0.00

17 - Entrecabezas 1267 14 2.92 0.52 0.50 2.53 0.00

18 - Circo de las Cerradillas 1884 20 3.46 0.46 0.45 2.54 0.06

The following parameters are displayed: sample size (N), mean number of alleles (NA), observed
heterozygosity (HO), expected heterozygosity (HE), allelic richness (AR) and private allelic richness (P-AR).

Fig. 2 Population structure and allelic richness. Pie charts, with size
representing sample size, display population averages of ancestry
proportions according to STRUCTURE results (K2 for MTR and K4
for ICS range). STRUCTURE barplots are shown below the map
(Total, K2; MTR, K2; ICS, K4). On the bottom, another barplot dis-
plays assignment of individuals to mtDNA lineages (when available;
gray color indicates lack of mtDNA data). A spatial interpolation of
allelic richness (AR) is displayed in a green (high) to red (low)
transparent gradient.

782 B. Antunes et al.



times higher than IBE-PC2 coefficients (similar to MMRR;
βIBE-PC2-Total= 0.27, Table 3) and five times higher than
IBE-PC1 coefficients (βIBE-PC1-Total= 0.14, Table 3).

The hierarchical clustering trees representing environ-
mental dissimilarity among populations of the Total range
revealed stronger environmental dissimilarity between two
main groups for PC2-Total (~Temperature Mean Diurnal
Range, Precipitation Seasonality among other correlated
variables; see Figs. S2 and S5): one including all MTR
populations (bejarae) plus populations 10 (bejarae) and 11
(almanzoris) from the ICS, and another one with the
remaining ICS populations (almanzoris, Fig. S5). For PC3-
Total (~Isothermality mostly but also Precipitation Season-
ality and others; Fig. S5), population 18 (almanzoris) was
identified as being most environmentally distinct from all
others (Fig. S5). The PC1-Total segregated populations at
higher elevation across the Total (populations 10, 11 and 18,
Fig. S5). The hierarchical clustering trees representing
environmental dissimilarity for the ICS range segregated
populations mostly by their levels of precipitation season-
ality (Fig. 3). Specifically, population 18 occurred at lower
levels of precipitation seasonality (~27%, average from
localities in its genetic cluster, in red in Fig. 3), followed by
populations 16 and 17 (almanzoris), located in an environ-
mental transition zone (~32%, average from localities in
their genetic cluster, in yellow in Fig. 3), populations 11 to
15 (almanzoris and bejarae) at similar levels (~34%, aver-
age from localities in their genetic cluster, in orange in Fig.
3), and finally population 10 at the other extreme (~39%,
average from localities in their genetic cluster, in blue in Fig.
3). Hierarchical clustering trees representing environmental
dissimilarity for the MTR range are not interpreted because
model selection excluded all ecological isolation proxies as
predictors for patterns of genetic differentiation.

Discussion

The role of “physical isolation” and genetic drift deter-
mining patterns of genetic differentiation between popula-
tions, subspecies and species is well established in the
literature. Yet, such physical landscape elements may also
interact with ecological factors, shaping patterns of genetic
differentiation. When divergent natural selection contributes
to patterns of genetic differentiation, gene flow within
ecologically homogeneous habitats is expected to be higher
relative to that between distinct habitats. In this study, we
show that although “physical isolation” is a ubiquitous
phenomenon predicting genetic differentiation between
populations and subspecies of fire salamanders, “ecological
isolation” plays an equally important role between popula-
tions from distinct subspecies.

The relative role of physical and ecological isolation
in genetic differentiation

In central Iberia, S. salamandra is distributed across spa-
tially heterogeneous and temporally dynamic environments,
with populations in close proximity often experiencing
independent evolutionary forces. This is the case in our
study area, where the relative role of physical and ecolo-
gical processes in population divergence differed between
and within two mountain systems (ICS and MTR) char-
acterized by contrasting levels of topographic and climatic
complexity and by differences in historical factors asso-
ciated with their colonization history.

Our results show that patterns of genetic differentiation
between and within the ICS and MTR were largely
explained by physical isolation (IBD and IBR) (Table S5).
This is not surprising considering the low dispersal capacity

Fig. 3 Genetic and ecological differentiation. A Map showing gra-
dient of precipitation seasonality (coefficient of variation) and genetic
clusters from DAPC. B Tree representing environmental dissimilarity
among populations from the ICS based on IBE-PC2-ICS (mostly
related with precipitation seasonality, see Results). Colors match
genetic clusters from DAPC analyses. C Relative densities of

genotyped individuals plotted against the discriminant function 1 from
DAPC analyses (DAPC-DF1), representing genetic divergence among
groups. Arrows indicate clusters where genetic differentiation is
strongly associated with “ecological isolation” (IBE). Below, hypo-
thesized gradient bar showing subspecies hybridization (see
Discussion).
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of salamanders (2 km per generation; Hendrix et al. 2017).
Furthermore, models explicitly accounting for other features
of the landscape (i.e., IBR models) sometimes outperformed
IBD models (Table S5). However, the ranking of IBR
models was different among the three tested spatial ranges
(Total, ICS and MTR, Table S5), with particularly con-
trasting results between mountain ranges (ICS vs MTR,
Table S5). These results can be attributed to the differences
in the evolutionary forces and environmental contexts
across study areas. Climate-based models of physical iso-
lation, for example, outperformed all models in MTR, while
across the Total range and ICS regions they provided par-
ticularly poor predictions (worse than IBD, Table S5).
Slope-based models produced poor predictions across all
areas, also performing worse than IBD models. The low
performance of these models could be partially explained by
subspecies having different ecological niches. Our ENMs
were built from records not distinguishing subspecies, and
thus patterns of suitability may deviate from reality (and by
extension resistance) if subspecies respond in distinct ways
to environmental factors. Landcover-based models, on the
other hand, always behaved similarly between regions,
improving, although slightly, genetic differentiation pre-
dictions from IBD models in the ICS and MTR (Table S5).
If we consider this together with the fact that forest cover

had the highest weight in landcover ENMs (Table S6), our
results add to the cumulative evidence that forested areas
play a key role in genetic connectivity in salamander
populations (Cushman 2006; Antunes et al. 2018; Emel
et al. 2019; Lourenço et al. 2019; Arntzen and van Belkom
2020).

One landscape feature posing strong resistance to gene
flow was the Tagus river basin, as shown by clustering
analyses, which recovered two main genetic groups north
(ICS) and south (MTR) of the river (Fig. 2 and S4). This is
in agreement with other studies showing that large river
basins can act as major barriers to gene flow in salamanders,
an effect that is likely enhanced by the reduced forest cover
of these flat, open areas (García-París et al. 1998; Antunes
et al. 2018; Dinis et al. 2018). In addition to this major
north-south break, we also observed a clear pattern of
decreasing genetic diversity from west to east in both
mountain systems (Fig. 2). This is consistent with the
hypothesis of current populations resulting from range
expansions originating in western refugia and proceeding
eastwards along the ICS and the MTR (Pereira et al. 2016).
This pattern is also consistent with the expected pattern of
genetic variation in core-peripheral populations, with wes-
tern populations being contiguous and maintaining high
genetic diversity through migration, while the populations
at the eastern margin of the species distribution are less
connected and more subject to drift and thus have reduced
diversity.

Results from multiple regression models accounting for
both physical and ecological isolation varied between
mountain ranges. Across the Total range, models incor-
porating physical and ecological isolation improved pre-
dictions of patterns of genetic differentiation, albeit the
contribution of the ecological component was about three to
five times weaker than that of the physical component.
When multivariate landscape genetic analyses were con-
ducted separately for each mountain range (ICS and MTR),
results differed strongly, showing that physical and ecolo-
gical isolation play an equally important role across the ICS,
while across the MTR, physical isolation alone predicted
patterns of genetic differentiation (Table 3).

Disentangling the relative contribution of physical and
ecological isolation in predicting patterns of genetic dif-
ferentiation between populations can provide insights onto
the evolutionary processes determining gene flow.
Although in the landscape genetics literature patterns of
genetic differentiation are generally interpreted as reflective
of gene flow, this is only true when populations are at a
migration-drift equilibrium (sensu Wright 1943). Such
equilibrium is hard to assess in natural populations, parti-
cularly in those affected by range shifts during the current
interglacial period (Hewitt 2000), like fire salamanders
(García-París et al. 2003). Yet, the fact that sampling

Table 3 Best MMRR and MLPE models, for Total, ICS and MTR
ranges (see Methods for details).

MMRR -
Selected
models for
each region

MLPE -
Selected
models for
each region

Total Total

Models r2 β p Models β df AICc

IBR-All – 0.76 0.001 IBR-All 0.70 – –

IBE-PC2-
Total

– 0.23 0.006 IBE-PC1-
Total

0.14 – –

IBE-PC3-
Total

– 0.21 0.008 IBE-PC2-
Total

0.27 – –

Global 0.747 – 0.001 Global – 6 190.96

ICS ICS

Models β p Models β df AICc

IBR-All – 0.46 0.032 IBR-All 0.46 – –

IBE-PC2-
ICS

– 0.51 0.026 IBE-PC2-
ICS

0.51 – –

Global 0.817 – 0.001 Global – 5 49.62

MTR MTR

Models β p Models β df AICc

IBR-Climate 0.633 1.45 0.001 IBR-Climate 1.45 4 40.95

The coefficient of determination (r2), regression coefficient (β) and p
value (p) are displayed for the MMRR model. The regression
coefficient (β), degrees of freedom (df) and conditional Akaike
information criterion (AICc) are displayed for MLPE models.
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localities at lower elevation have not been previously gla-
ciated, and those at higher elevation have become degla-
ciated some 25,000–30,000 years ago (Domínguez-Villar
et al. 2013), suggests that these populations should be close
to an idealized migration-drift equilibrium. Further, we did
not detect populations departing from HW or linkage
equilibrium, which is consistent with demographic stabi-
lity. In addition to gene flow, differences in effective
population size can influence patterns of genetic differ-
entiation because smaller populations experience stronger
genetic drift. In our study, most localities show similarly
high to intermedium levels of genetic diversity across
multiple summary statistics (Table 1), suggestive of overall
similar effective population size. Yet, the lower diversity
observed in the easternmost populations (Pops. 18 and 1;
Fig. 2 and Table 1) are indeed suggestive of smaller
effective population sizes in areas colonized more recently.
However, the species is locally abundant in this region
(Martínez-Solano 2006), and other populations with similar
low diversity (Pops. 16, 17 and 14; Fig. 2 and Table 1), are
not as strongly differentiated (Table 2), suggesting that
potential differences in effective population size are small
and perhaps have a negligible contribution to patterns of
genetic differentiation. Thus, we regard inferred patterns of
genetic differentiation in our study area as most likely
reflecting actual restrictions to gene flow.

Other environmental features, and the scale (spatial or
temporal) at which they act, can also help to explain
observed patterns of genetic differentiation (see for details
Epps and Keyghobadi 2015; Winiarski et al. 2020). Some
examples include physical isolation driven by the barrier
effect of mountain ridges (Sánchez‐Montes et al. 2018),
exposure to wind, which is known to significantly constrain
the movement of S. salamandra even in less exposed
landscapes (Lourenço et al. 2019), or less obvious factors
such as the orientation of mountain slopes, that affects
overall patterns of humidity and temperature (Mulder et al.
2019). Also, ecological isolation driven by landscape factors
rather than the climatic factors (and elevation) explored in
this study could play an important role, including the type of
water bodies available for breeding and development (e.g.,
lotic vs. lentic, persistent vs ephemeral) or vegetation cover
(e.g., deciduous, coniferous, mixed and shrublands). Con-
sidering this, future studies in this system should further
explore patterns of IBR and IBE, not only by including new
landscape and environmental variables, but also using
alternative methodological and conceptual approaches (e.g.,
genetic based optimization of IBR models, Peterman 2018).
At any rate, our results support the ubiquitous role of phy-
sical isolation in shaping genetic differentiation patterns
among S. salamandra populations in central Iberia, and of
ecological isolation playing an important role across the ICS.

The role of ecological isolation in “ecotype”
divergence

The fire salamander subspecies S. s. almanzoris has been
treated as a distinct ecotype associated with higher altitudinal
ranges. Some characteristic features include longer aquatic
larval stages, smaller size and reduced number and size of
yellow spots, in comparison to parapatric subspecies S. s.
bejarae (Velo-Antón and Buckley 2015, and references
therein). The delimitation of these subspecies was later sup-
ported by high differentiation at the mtDNA level (Martínez-
Solano et al. 2005). However, further analyses using five
nuclear genes revealed low or no differentiation among
subspecies at parapatric boundaries (Pereira et al. 2016),
which led to question whether S. s. almanzoris represents an
independent evolutionary unit, with distinct ecological fea-
tures, despite gene flow.

Our population and landscape genetic analyses support a
role of ecological divergence in shaping patterns of genetic
structure across the ICS. Considering both patterns of gene
flow and the distribution of mtDNA lineages (Fig. 2) we
propose a scenario where MTR and West-ICS populations
(genetic clusters in blue tones; Fig. 3) represent pure S. s.
bejarae, at higher levels of precipitation seasonality, while
the East-ICS populations (red genetic cluster) represent
pure S. s. almanzoris, at lower levels of precipitation sea-
sonality (Fig. 3). In this scenario, gene flow between pure
subspecies is seemingly restricted by ecological isolation,
associated with sharp transitions in precipitation season-
ality (arrows indicating IBE; Fig. 3). In contrast, in areas
characterized by intermediate levels of precipitation sea-
sonality, gene flow between Western S. s. almanzoris and
Eastern S. s. bejarae is less restricted (clusters in orange
and yellow; Fig. 3). Although such patterns of gene flow
match geographic distance, they were significantly better
predicted when accounting for both physical and ecological
isolation, with both processes having almost equal con-
tributions (Table 3 and Fig. 3). We note, however, that
correlation between matrices of physical (IBR-All) and
ecological isolation (IBE-PC2-ICS) in the best model for
the ICS range (Table 3) was considered not severe (r2=
0.60, VIF= 2.5 < 10; Prunier et al. 2015). MMRR models
were not tested with such levels of correlation and accuracy
of relative weights can be questioned (Wang et al. 2013).
Nonetheless, subspecies differentiation seems to be main-
tained in the Eastern ICS by the combined effect of phy-
sical and ecological isolation. Examples from S.
salamandra ecotypes in which gene flow is restricted by
processes of ecological divergence have already been
documented in parapatric pond- and stream-breeding fire
salamanders across the Kottenforst (Hendrix et al. 2017;
but see Arntzen and van Belkom 2020).
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Observed patterns of ecological divergence can underline
either adaptive or plastic processes, or a combination of both
(Wogan et al. 2020). Characters like the length of the larval
stage and adult body size are known to be subject to
developmental plasticity within S. salamandra subspecies
(e.g., Alcobendas and Castanet 2000; Alcobendas et al.
2004). Nonetheless, some of those traits are also known to
have a genetic basis, like color patterns (Burgon et al. 2020),
growth rate, or body size (Alcobendas and Castanet 2000).
Interestingly, one study exploring the evolutionary responses
of ectothermic vertebrates to climatic variation identified
variation in precipitation seasonality as the best predictor for
variation in the number of thoracic vertebrae (a trait linked to
body size) in S. salamandra (Ficetola et al. 2016).

While we cannot infer the relative importance of each
process in ongoing ecological divergence, our results are
consistent with a scenario of environmental adaption, where
genetic divergence occurs via physical and ecological iso-
lation and maintains S. s. almanzoris phenotypic traits in
high-elevation environments despite extensive gene flow in
neutral parts of the genome (Pereira et al. 2016). Con-
temporary patterns of neutral genetic variation (Fig. 2) show
that previously described mito-nuclear discordances prob-
ably result from post-glacial range expansions of S. s.
bejarae into the range of S. s. almanzoris, with both sub-
species merging across most of the ICS, possibly favored by
shallower ecologic transitions. The coincidence of sharp
genetic and ecological transitions in the easternmost ICS
suggests that this region may be the only remnant of the
original (unmixed) S. s. almanzoris. Their importance as an
independent evolutionary unit with a distinct ecology
should be considered in conservation strategies.

Data availability

Individual genotypes have been deposited in Dryad (https://
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